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Edited by Gianni CesareniAbstract The dependence of protein splicing on conserved resi-
dues of the Cne PRP8 intein was assessed by alanine scanning
mutagenesis in a foreign protein context. Corroboration was ob-
tained for the involvement of residues at the splice junctions and
of the conserved threonine and histidine of motif B. Five addi-
tional residues were identiﬁed as absolutely required for splicing.
Variant W151A displayed premature C-terminal cleavage, not
seen with other Cne PRP8 mutants. We propose a model where-
by W151 acts to prevent premature C-terminal cleavage, favor-
ing complete splicing as opposed to two disjointed cleavage
events.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Inteins (internal proteins) are protein splicing domains that
excise themselves from their ﬂanking host protein domains, re-
ferred to as exteins (external proteins) [1]. During intein exci-
sion the N- and C-terminal exteins are ligated giving a
functional host protein. Inteins splice autocatalytically without
co-factors; requirements for splicing are contained within the
intein itself and the residue immediately following (denoted
+1).
The mechanism of intein splicing involves four steps. In the
ﬁrst step an acyl rearrangement converts the N-extein/intein
junction from a peptide bond to an ester bond to the hydroxyl
or thiol side chain of the ﬁrst intein residue (C1 in Cne PRP8)
[2,3]. A second, transesteriﬁcation, step transfers the N-extein
from the ﬁrst residue to the nucleophilic side chain of the +1
residue of the C-extein [2,4–8]. The third step is the cleavage
of the intein from the exteins by the cyclization of the intein’s
terminal asparagine [2,8–10]. In some inteins, this step is not
dependent on the ﬁrst two steps, allowing premature cycliza-
tion and abortive (i.e. not resulting in splicing) cleavage of
the C-extein from the intein [11]. The fourth and ﬁnal step is
a spontaneous acyl rearrangement of the N-extein:C-extein
linkage from an ester bond to a standard peptide bond [12].
Perler’s alignment of inteins identiﬁed four protein splicing
motifs designated A, B, F and G, consisting of 49 amino acids
(Fig. 1) [13]. Two highly conserved residues in motif B, a thre-
onine and a histidine, are proposed to catalyze the ﬁrst step of*Corresponding author. Fax: +64 3 479 7866.
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cated [11].
In the crystal structures of several inteins (Mxe GyrA, Sce
VMA, Ssp DnaE), the ﬁrst intein residue’s c-sulphur or oxygen
is positioned for a nucleophilic attack on the 1 carbonyl car-
bon [14–16]. It is proposed that the resulting tetrahedral inter-
mediate is stabilized by hydrogen bonding from the carbonyl
oxygen of the ﬁrst intein residue to the hydroxyl of the con-
served threonine from the B motif (residue 62 in Cne PRP8,
residue 72 in Mxe GyrA) [14,16]. The intermediate is resolved
by C–N bond cleavage following protonation of the imine
nitrogen by the motif B conserved histidine (residue 65 in
Cne PRP8, residue 75 in Mxe GyrA); this yields a thio-ester
or ester, concluding the ﬁrst of the four steps of splicing.
The transfer of the N-extein ester linkage from the 1 to +1 res-
idue sidechain (step two) would be facilitated by deprotonation
of the +1 side chain [14–16]. The cyclization of the terminal
asparagine (step three) is likely catalyzed by the immediately
preceding histidine [10]. Our previous study found that most
N-terminally disabled Cne PRP8 mutants did not undergo
C-terminal cleavage [17] suggesting a link or switch preventing
asparagine cyclization in the absence of N-terminal rearrange-
ment (step one) and transesteriﬁcation (step two).
This study used alanine scanning mutagenesis to assess the
role of highly conserved residues from all four splicing motifs
in Cne PRP8, the intein from splicesomal protein PRP8 of the
pathogenic fungus Cryptococcus neoformans. The roles of the
highly conserved threonine (T62) and histidine (H65) of motif
B, previously implicated in catalysis [14–16], were investigated
with site-directed mutagenesis, conﬁrming the requirement for
a nucleophile at these positions. This study also highlighted a
role for W151 in linking the N-terminal rearrangements of the
ﬁrst splicing step to the C-terminal rearrangements that follow.2. Materials and methods
Gene fusions placing the intein coding sequence between the gene for
Haemophilus inﬂuenzae trigger factor (HiTF, as the N-terminus of the
fusion protein) and a chitin binding domain (CBD, as the C-terminus)
allowed the intein function to be assessed in cell lysates by SDS–PAGE
and immunoblot as described previously [17]. Brieﬂy, the fusion pro-
tein was expressed in an IPTG inducible system in BL21(DE3)
E. coli, lysates were analyzed by non-reducing SDS–PAGE probed
with antibodies to HiTF, Cne PRP8 or CBD. Speciﬁc residues were al-
tered to alanine or other amino acids using the Mutagene Kit (BioRad)
following manufacturer’s instructions. Primers used to generate vari-
ous constructs are listed in supplementary materials.
The Cne PRP8 intein has an insertion in motif F, relative to most
other inteins. To choose an optimal position and length for this inser-
tion relative to the InBase alignment [13] we used diﬀering alignments
as inputs for automated modeling of the three-dimensional structure ofblished by Elsevier B.V. All rights reserved.
Fig. 1. Conservation of intein motifs. The PRP8 intein sequence is shown aligned with the InBase multiple sequence alignment consensuses, with Cne
PRP8 numbering shown above mutated positions and the % of other intein sequences agreeing with either sequence shown beneath each position.
Consensus is >38% identity; ‘‘h’’ denotes any hydrophobic amino acid, ‘‘r’’ any aromatic and ‘‘a’’ either aspartic or glutamic acid. Lower lines
indicate highly represented (20–36% identity) amino acids not represented in the consensus sequence.
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(pdb1zde, Ref. [16]). Models were generated using Modeller 8v2 [18–
20]. The preferred model and alignment (supplementary ﬁgure) were
chosen based on the modeler objective function and the number of out-
liers on the Ramachandran plot. The pattern of conservation, based on
our alignment of the Cne PRP8 sequence to the InBase alignment of
177 other intein sequences, is shown in Fig. 1.3. Results
To gain further insight into the mechanism of splicing we
have performed scanning alanine mutagenesis of conserved
non-glycine residues within the intein: residue 1 in motif A, res-
idues 62 and 65 in motif B, residues 149, 150, 151, 154, 160,
161, and 162 in motif F, and residues 166, 167, 170, 171, and
172 in motif G (Fig. 1). This set included ﬁve residues whose
roles have been investigated in other inteins, all of which are
found to be crucial [2,17,21,22]. Introducing an alanine at
any of these ﬁve positions (1, 62, 65, 171, 172) blocks or se-
verely inhibits splicing and shows the full-length fusion protein
as a prominent 75 kDa band reactive to antibodies to all
three domains of the fusion protein (designated T-I-C in
Fig. 2). Successful splicing (e.g. lane L170A) shows spliced
product at 55 kDa (T-C) reactive to anti-HiTF and anti-
CBD (the exteins) but not to anti-Cne PRP8, as well as the ex-
cised intein at 20 kDa (I and multimeric form designated I2).
Changing the ﬁrst (lane C1A in Fig. 2A), penultimate (H171A
in Fig. 2B) or last residue (N172A) of Cne PRP8 to an alanine
abolished splicing.
Consistent with the results of others [21,22], mutation of
highly conserved threonine 62 of motif B also abolished splic-
ing. In contrast, mutating conserved histidine 65 allowed a low
level of splicing (Fig. 2A). To assess the role of these two res-
idues, we altered them to sterically or chemically similar resi-
dues. In both cases mutants retaining an approximation of
the native chemical character (a hydroxyl in the case of T62S
and an amide in the case of H65N) retained a low level of
activity, while those lacking such similarity, but being roughly
isosteric (T62V, H65L and H65F) completely lacked splicing
(Fig. 3).
Splicing was also abolished or impaired by changes at W151,
F154, L161, Y162, D166 or H171 (Fig. 2). Conserved position
L170 does not appear crucial. Changes at a number of posi-
tions conserved in other inteins but not in Cne PRP8 (T149,
K150, S160 and Y167) did not appear to aﬀect splicing. In
these samples, the intein dimer bands appear as doublets.
The dimers and doublets are presumed to be disulﬁde-linkedartifacts of experimental conditions which necessitated non-
reducing electrophoresis to avoid non-enzymatic cleavage of
the thio-ester intermediate. Addition of dithiothreitol abol-
ished both intein dimers and one band of doublets (e.g. upper
band of T-C in the anti-CBD blots and lower band of I in anti-
inten blots of both Figs. 2 and 3, data not shown). A number
of serendipitous mutants were isolated, including double
mutant H65N:A79T, triple mutant D31E:S34T:K150A and
V156I. H65N:A79T appears similar to H65N, suggesting that
alanine 79 is not crucial for splicing. The triple mutant is unim-
paired, suggesting that none of the positions mutated are crit-
ical for Cne PRP8 splicing. The V156I mutant is impaired,
with the addition of a single methyl group at this position sig-
niﬁcantly decreasing splicing.
In every mutant which suppressed splicing except W151A,
the unspliced product runs as a 75 kDa band reactive with
all three antibodies, consistent with uncleaved full-length fu-
sion protein. The W151A mutant, which abolished splicing
(that is, lacked 20 kDa and 55 kDa products), allowed
some C-terminal cleavage, as judged by the presence of both
predicted cleavage products: a 68 kDa fragment reactive only
to antibodies against HiTF and Cne PRP8 and a 7 kDa frag-
ment reactive to the antibody against the CBD. Thus, under
some conditions (e.g. in the mutant W151A) C-terminal cleav-
age can proceed in the absence of N-terminal cleavage and
transesteriﬁcation, although this is normally blocked, perhaps
through an alternate conformation at the N-terminal splice
junction.4. Discussion
Functional assessment of most internal residues of the intein
splicing motifs has been lacking. Previously, the roles of only
the amino acids at the splice junctions, the conserved threonine
and histidine of motif B (positions 62 and 65, respectively in
Cne PRP8) and conserved aspartate of motif F (position
152) have been assessed [11,14,16]. This report corroborates
those ﬁndings and highlights positions 154, 156, 161, 162
and 166 as additional residues crucial for splicing (Fig. 4).
In contrast, introduction of alanine at several positions
(T149 and K150 at the lip of the active site and S160, Y167,
L170 buried under it) does not detectably impair splicing. In
all these cases save L170, Cne PRP8 diﬀers markedly from
the consensus sequence (Fig. 1) and therefore may contain fea-
tures which compensate for the lack of the consensus amino
acid. These mutants, along with several serendipitous
Fig. 2. Alanine scan across the intein. Quadruplicate gels of SDS–PAGE of lysates from E. coli expressing alanine variants of the HiTF-Cne PRP8-
CBD fusion protein were either stained with Coomassie (top panel) or probed with the primary antibody indicated (lower three panels). The left-most
lane contains molecular weight markers of sizes identiﬁed to the left of the gel; the next lane contains the lysate of un-induced cells carrying the wild-
type variant. The right-most lane contains puriﬁed hexa-histidine tagged intein; the adjacent lane contains recombinant HiTF puriﬁed using cleavage
from an intein-CBD fusion. Intermediate lanes contain the variant indicated above. T-I-C, full length fusion protein; T-C, spliced exteins (HiTF-
CBD); I, excised intein; I2, presumed dimer of excised intein; T-I, N-extein (HiTF) fused to Cne PRP8; I-His, Cne PRP8 with hexa-histidine fusion; I-
His2, presumed dimer of Cne PRP8 with hexa-histidine tag; T, N-extein (HiTF).
3002 E.J. Pearl et al. / FEBS Letters 581 (2007) 3000–3004mutations, show that Cne PRP8 is a robust protein, able to tol-
erate sequence changes and retain activity.
Lack of activity in the D166A mutant likely results from
destabilization of a turn, rather than a direct eﬀect on catalysis.
In the Ssp DnaE structure the corresponding residue (N163) is
10 A˚ from the active site from which it is separated by a wall of
non-polar residues. The consensus at position 166 is aspara-
gine, with aspartate (present in Cne PRP8), and serine
accounting for the majority of the inter-species variation
(Fig. 1). This residue anchors the +2 position of a type II bturn. Its side chain is hydrogen bonded on one side to the edge
of a b-sheet and on the other to the amide nitrogen of the +4
residue of the turn. Roles of two other residues appear to be
largely structural: L161 and Y162 form part of the hydropho-
bic core which positions the C-terminus of the intein, establish-
ing the geometry of the active site.
Our ﬁndings support a role for residues 62 and 65 consistent
with a tetrahedral intermediate during step one. We have
shown that preservation of polar character at these positions
preserves a low level of splicing while non-polar isosteric resi-
Fig. 3. Requirement for a nucleophile at positions 62 and 65. Gels
were prepared as in Fig. 2. Lanes and bands are identiﬁed as in that
ﬁgure.
Fig. 4. Homology model of Cne PRP8. The active site is shown with
residues subjected to mutagenesis displayed and labeled. Positions
which yielded complete loss of splicing when altered are colored
yellow, other mutagenized positions are green. N- and C-termini are
indicated.
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supports splicing at a level at least as high as H65N and signif-
icantly above that of H65L or H65F (Fig. 3). The crystal struc-
ture of the Ssp DnaE intein [16] shows that the carbonyl
oxygen of A168 (equivalent to H171 in Cne PRP8) could ligate
a water molecule in the approximate position of the H65 imid-
azole nitrogen, providing an alternative proton donor in mu-
tants in which the bulk of the sidechain at position 65 does
not exclude it. As well as a proton donor at position 65, the
proposed mechanism requires that the hydroxyl of T62 inter-
acts with the carbonyl oxygen of the 1 residue to stabilize a
tetrahedral intermediate. In Cne PRP8 as well as the RecA in-
tein and the VMA intein, splicing is impaired by 1 valine or
isoleucine, and to a lesser degree by 1 threonine [17,23,24],
suggesting that b-branched amino acids at this position hinder
its interaction with residue 62. An alternative explanation is
that the steric constraint of the b-branched amino acids may
be inconsistent with the strain observed in the peptide bond
at position 1 in crystal structures of the Mxe GyrA [14]
and PI-SceI (Sce VMA) miniprecursor inteins [25].
The roles of W151, F154 and V156 are less clear but more
intriguing. These residues ﬂank a b-strand with the Ca of
W151 immediately adjacent to the N-terminal splice junction
and F154 adjacent to the C-terminal junction. This region
has been identiﬁed as bridging between the N- and C-termini
of the Mtu recA intein [11]. That report also suggested that ele-
ments of this strand are highly mobile, with reorganization
after N-terminal cleavage allowing C-terminal cleavage. How-
ever, this region diﬀers structurally and functionally in that in-
tein and this; notably Mtu recA readily undergoes C-terminal
cleavage, suggesting that N- and C- terminal events are less
closely coupled than in Cne PRP8. While V156 is conserved
(V425 in Mtu recA), W151 and F154 are speciﬁc to a small
group of inteins. Strikingly, W151A is the only point mutant
we have analyzed [17] which allows C-terminal cleavage in ab-
sence of the reactions at the N-terminus. We propose that this
short b-strand is part of a switch by which completion of the
ﬁrst steps of splicing is sensed and transmitted to the C-termi-
nus, allowing asparagine cyclization and the irreversible cleav-
age of the intein from the exteins only after completion of the
ﬁrst steps. Such a switch would prevent premature cleavage
and the production of potentially deleterious, truncated host
protein.
This alanine scan conﬁrms the catalytic importance of a
number of conserved residues. We propose one of three roles
for each of these residues: structural stabilization, stabilization
of a tetrahedral intermediate at the N-extein junction, or com-
munication between the N- and C-extein junctions.
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